Strigolactones (SLs) are a relatively recent addition to the list of plant hormones that control different aspects of plant development. SL signalling is perceived by an α/β hydrolase, DWARF 14 (D14). A close homolog of D14, KARRIKIN INSENSTIVE2 (KAI2), is involved in perception of an uncharacterized molecule called karrikin (KAR). Recent studies in Arabidopsis identified the SUPPRESSOR OF MAX2 1 (SMAX1) and SMAX1-LIKE 7 (SMXL7) to be potential SCF-MAX2 complex-mediated proteasome targets of KAI2 and D14, respectively. Genetic studies on SMXL7 and SMAX1 demonstrated distinct developmental roles for each, but very little is known about these repressors in terms of their sequence features. In this study, we performed an extensive comparative analysis of SMXLs and determined their phylogenetic and evolutionary history in the plant lineage. Our results show that SMXL family members can be sub-divided into four distinct phylogenetic clades/classes, with an ancient SMAX1. Further, we identified the clade-specific motifs that have evolved and that might act as determinants of SL-KAR signalling specificity. These specificities resulted from functional diversities among the clades. Our results suggest that a gradual co-evolution of SMXL members with their upstream receptors D14/KAI2 provided an increased specificity to both the SL perception and response in land plants.
Introduction
Plant growth and development are fine-tuned by various endogenous and exogenous signals. Plant hormones are one of the major endogenous signals that act with a predetermined framework to help the plant attain optimized growth and to respond rapidly to environmental stimuli (Gray, 2004) . Strigolactones (SLs) are a family of terpenoid lactone hormones that control multiple developmental events, from Charophyte algae to higher-plant monocots and dicots (Yoneyama et al., 2007a (Yoneyama et al., , 2007b (Yoneyama et al., , 2009 Umehara et al., 2008; Xie et al., 2010; Proust et al., 2011; Ruyter-Spira et al., 2011 Delaux et al., 2012; Brewer et al., 2013) . SLs secreted from host plants promote hyphal branching of arbuscular mycorrhizal (AM) fungi to facilitate symbiotic interactions between the host and fungus that lead to the exchange of inorganic nutrients, especially phosphate to the host plants (Akiyama et al., 2005; Bouwmeester et al., 2007; Chen and Xiong, 2009) . SLs also stimulate the germination of seeds of parasitic weeds from the Orbanchaceae family (order Lamiales), such as Striga hermonthica, leading to attachment to the host and eliciting devastating effects on global crop production (Cook et al., 1966; Spallek et al., 2013) . Striga infects major food crops including maize, sorghum, rice, and pearl millet (Humphrey and Beale, 2006; Parker et al., 2009; Westwood et al., 2010) .
SLs are carotenoid-derived molecules that are mainly synthesized in plastids of root cells and are transported acropetally Seto et al., 2012) . They regulate various stages of plant development. In the roots, SLs promote increases in cell numbers in the primary root meristem, repress lateral and adventitious root formation, and promote root-hair elongation (Agusti et al., 2011; Koltai et al., 2011; Ruyter-Spira et al., 2011; Rasmussen et al., 2012) . In the shoot, SLs regulate shoot branching, leaf senescence, secondary thickening, photomorphogenesis, and stem elongation (Gomez-Roldan et al., 2008; Umehara et al., 2008; Waters et al., 2017) . SL biosynthesis is strongly affected by phosphate deficiency in the rhizosphere (Ruyter-Spira et al., 2011; Brewer et al., 2013; Bennett and Leyser, 2014; Smith and Li, 2014; Waldie et al., 2014; Al-Babili and Bouwmeester, 2015) .
In eukaryotes, ubiquitination followed by proteasomemediated protein degradation is a well-established mechanism for the removal of abnormal proteins. However, in plants this machinery is also an integral part of many hormonal signalling pathways. Ubiquitination of repressors of hormone-response target genes, a multi-step process involving interaction with the E3/E2 (ubiquitin ligase/conjugating enzymes) complex in response to the phytohormones, is crucial for plant development (Stone and Callis, 2007; Hua and Vierstra, 2011; Kelley and Estelle, 2012) . In common with other hormones such as auxins, gibberellins, and jasmonates, SL signalling is also based on proteasome-mediated repressor degradation (Waters et al., 2017 ). An F-box leucine-rich protein, MAX2, which is well-conserved among land plants, has been shown to be a part of the SKP1-CUL1-F-box protein (SCF)-type ubiquitin ligase complex and acts as a common factor in the signalling pathways of strigolactones and karrikins (KARs)/karrikin-like (KLs) (Delaux et al., 2012; Waters et al., 2012; Zhou et al., 2013 Zhou et al., , 2016 . KARs are found in smoke deposits formed when plant material is burned. DWARF 14 (D14) and KARRIKIN INSENSTIVE2 (KAI2) are classes of α/β hydrolases that are signalling receptors for SL and KL, respectively (Nelson et al., 2011; Delaux et al., 2012; Waters et al., 2012; Zhou et al., 2013 Zhou et al., , 2016 . The DWARF 14-LIKE 2 (DLK2) protein, while structurally very similar to D14 and KAI2, has been identified as functioning independently of either of them (Végh et al., 2017; Wallner et al., 2017) . SLs bind to the D14 receptor, producing a covalently linked intermediate molecule (CLIM) that in turn interacts with the MAX2-SCF complex. This interaction triggers the 26S proteasome-mediated degradation of target proteins such as SUPPRESSOR OF MAX2 1-LIKE 7 (SMXL7) and DWARF53 ((D53) in Arabidopsis and rice, respectively, leading to de-repression of the target genes (Wang et al., 2015; Yao et al., 2016) . The perception of SL and the subsequent degradation of SMXL7/D53 requires the RGKT functional motif domains, which when mutated or deleted affect the degradation of SMXL repressors (Nelson et al., 2011; Jiang et al., 2013; Zhou et al., 2013 Zhou et al., , 2016 Soundappan et al., 2015; Liang et al., 2016) . Although D14 and KAI2 perceive SL and KAR signalling in an identical way, their perception leads to distinct developmental events in plants (Wang et al., 2015; Bennett et al., 2016; Yao et al., 2016 Yao et al., , 2018 . Among the eight SMXL genes identified in Arabidopsis, SMAX1 responds to KARs and regulates seed germination and hypocotyl length (Stanga et al., 2016) . In contrast, SMXL3, SMXL4, and SMXL5 do not respond to either KARs or SLs, and are involved in phloem formation and primary root growth in Arabidopsis thaliana (Wallner et al., 2017; Wu et al., 2017) . SMXL4 and SMXL5 mutants exhibit a leaf pigmentation phenotype with over-accumulation of starch and anthocyanin (Wu et al., 2017) . SMXL6, SMXL7, and SMXL8 regulate shoot branching, leaf shape, and promotion of lateral roots in Arabidopsis and are reported to be the degradation targets of D14 (Soundappan et al., 2015; Wang et al., 2015; Bennett et al., 2016) .
Recent evolutionary studies have demonstrated the early appearance of KAI2 and the divergence of DDK proteins (D14/DLK2/KAI2) in plants (Delaux et al., 2012; BythellDouglas et al., 2017) . The KAR and SL signalling pathways gradually evolved within this DDK lineage (Bythell-Douglas et al., 2017) . SUPPRESSOR OF MAX2 1 (SMAX1)-like homologs have weak similarity to ClpB heat chaperonins, with the double Clp-N and P-loop motifs that are characteristic of the nucleoside triphosphate hydrolases superfamily (Jiang et al., 2013; Stanga et al., 2013; Zhou et al., 2013 Zhou et al., , 2016 . They are induced by heat stress and are known to be involved in the proteolytic machinery. It remains to be determined whether SMXLs have simply just retained the domain organization or if they also possess ClpB-like activity.
In the present study, we attempted to retrieve, annotate, and classify the proteasome targets of the SL/KL signalling pathways in order to get a better insight into the evolution of the SL/KAR response in plants. We also consider the origins and functional diversification of the SMXL family, with emphasis on the conserved motifs.
Materials and methods
The methodology used for the analysis is depicted in Supplementary  Fig. S1 at JXB online, which contains the steps outlined below.
Assembly of dataset of SMXL homologs
To annotate the SMXL members in plant genomes, we used the homology search tool blastp to scan the Phytozome v12.1.5 database (Goodstein et al., 2012) using full-length sequences of Arabidopsis SMXLs as the query. A hidden Markov model (HMM) was built using JACKHMMER (Finn et al., 2015) with Arabidopsis SMXLs as reference sequences to scan the reference proteome (KW-0181) with a cut-off e-value of 0.01. Homologs from parasitic, non-angiosperm species were obtained from the 1000 Plants (1KP) project (www.onekp.com, accessed 23rd November 2017) (Johnson et al., 2012; Matasci et al., 2014; Wickett et al., 2014; Xie et al., 2014) . Only full-length peptides of homologs were retained for further annotation. To annotate, each predicted homolog was compared with Arabidopsis SMXL peptide sequences using the 'reciprocal best hits' method, as implemented in Proteinortho v5.16 (Lechner et al., 2011) . Characteristic domains (double Clp-N and P-Loop NTPase) in the homologs were confirmed using the Structural Classification Of Proteins (SCOP) database (Wilson et al., 2009) . To enable better phylogenetic inferences, homologs with 90% or more sequence identity were trimmed out using the CD-HIT suite (Huang et al., 2010) .
Multiple sequence alignment (MSA) was performed using the GUIDANCE2 tool (Sela et al., 2015) with the option of MAFFT alignment (Yamada et al., 2016) and 100 bootstrap replicates, with sequence cut-off at 0.6 and column cut-off at 0.93. Sequences below the threshold were removed and re-run to increase the GUIDANCE confidence score to 0.73. Poorly aligned columns below the threshold were removed and the resulting alignment was used for further phylogenetic analysis. ProtTest v3.4.2 (Darriba et al., 2011) was used to test the best-fitted amino acid substitution model and the parameter values for the dataset. The Jones-Taylor-Thornton (JTT) model with an estimated gamma-distribution parameter, an estimated proportion of invariant sites (I), and pre-defined base frequencies (F) was the best-fit model according to the Akaike Information Criterion (AIC) framework (Posada and Buckley, 2004) .
Phylogenetic analysis
Evolutionary relationships among SMXL family members were determined using methods based on discrete data (Maximum Likelihood, ML), probabilistic models (Bayesian Inference, BI), and a distance matrix (Neighbour-Joining, NJ). ML analysis was performed using RAxML v8.2.11 (Stamatakis, 2014) with the best-fit evolutionary model selected from ProtTest. Statistical support for each clade was calculated using 100 bootstrap replicates. The Bayesian phylogeny was reconstructed using MrBayes v3.2.6 (Ronquist et al., 2012) implemented in the CIPRES cluster (Miller et al., 2015) with the default parameters and using a discrete gamma model for one million chains of generations. Chain convergence was assessed by standard deviation <0.01 sampled every 1000 generations.
We also reconstructed the phylogenetic tree using IQTree v1.5.6 (Nguyen et al., 2015; Trifinopoulos et al., 2016) implemented on the webserver (http://www.iqtree.org/), which was shown to improve the accuracy and robustness of the phylogenetic tree. Clade support was calculated using 1000 bootstrap alignments and single-branch tests, such as SH-aLRT and the Bayes test. The tree was visualized and modified using the iTOL v3 online server (Letunic and Bork, 2016) .
Evolutionary expansion of SMXLs
To understand and infer the evolutionary expansion history of the SMXL family, we used the homologs only from the 58 completely sequenced genomes available in the Phytozome v12.1.5 database (Goodstein et al., 2012) . The SMXL gene family tree (GFT) was reconciled with the species tree of the 58 genomes, generated with the NCBI Taxonomy Browser (https://www.ncbi.nlm.nih.gov/ Taxonomy/CommonTree/wwwcmt.cgi), using Notung v2.9 (Chen et al., 2000; Stolzer et al., 2012) to calculate the gain and loss events of SMXL genes at each successive stage during evolution (see Supplementary Fig. S7 ). However, the whole-genome duplication and triplication histories were adapted from the Plant Genome Duplication Database (PGDD) (Lee et al., 2013 and from . To test the robustness of the duplication/loss events that could affect the evolutionary inferences, the 'column score' of GUIDANCE2 was changed to 0.95, based on the sensitivity and specificity percentage of the tool (Sela et al., 2015) .
Molecular clock
A molecular clock test was performed to estimate the divergence of SMXLs (see Supplementary Fig. S8 ). Comparisons were made with ML values for given tree topologies with and without molecular clock constraints under the JTT (+G+I) model (Jones et al., 1992) using MEGA 7 (Kumar et al., 2016) . A null hypothesis of equal evolutionary rate throughout the tree was rejected at a significance level of 5%.
Structural modelling and comparisons of SMXLs
The I-TASSER webserver Zhang, 2015a, 2015b ) was used to model the structures of Arabidopsis SMAX1, SMXL7, SMXL3, and SMXL4 as representatives from each phylogenetic clade, and also AtClpB. I-TASSER generates structural conformations called decoys and clusters them based on the pair-wise sequence similarity. Based on the C-score (see Supplementary Table S4) , the top models were selected for representation. Structures were compared using the TM-Align server (Zhang and Skolnick, 2005) (Supplementary  Tables S5, S6 ). The global homology iterative refinement method (MAFFT G-INS-i) was used to align SMXLs with ClpB proteins.
Sequence motif analysis
Motif analysis was performed using MEME suite v4.12.0 (Bailey et al., 2009 (Bailey et al., , 2015 , which scans for motifs recurring in the set of sequences. Motif analysis was carried out on the SMXL homologs using the MEME server (http://meme-suite.org/), keeping the minimum motif length at 4-10 amino acids and present at least once per sequence. Selected significant motifs were further screened for conservation across the plant kingdom. All SMXL members and clade-specific homologs were aligned using MAFFT (Auto mode) and sequence logos were generated using WebLogo3 (Crooks et al., 2004) . All motifs were represented as per PROSITE patterns (https://prosite.expasy.org/ ) (see Supplementary Table S3 ). Cavity prediction was done using the Computed Atlas of Surface Topology of proteins (CASTp) server (Dundas et al., 2006) with the default probe radius of 1.4 Å. Class-specific motifs together with predicted cavities were visualized in PyMOL (https://pymol.org/2/).
Deposition of phylogenetic tree
The phylogenetic tree of SMXLs generated using RAxML is shared on the iTOL server (Letunic and Bork, 2016) , and is available at https://itol.embl.de/tree/1472519069309921519489548. It is also presented in a Nexus format as Supplementary Dataset S1.
Results

Identification and annotation of SMXLs in the plant kingdom
To explore and increase our understanding of the evolution of strigolactone signalling in the plant kingdom, we examined the target-repressor SMXLs in the green lineage. We mined the reference proteomes of completely sequenced plant genomes and all the species available in Phytozome v12.1.5 using the homology-based method BLAST (the data-mining scheme is presented in Supplementary Fig. S1 ). Homologs were also mined and identified from parasitic plants (Orobanche, Cuscuta spp.) of order Lamiales with the data available in the 1KP project. In total, 510 homologous sequences were mined from 106 species (Fig. 1) . Partial sequences from lycophytes were included with at least >50% coverage (details in Fig. 1 , Supplementary Table S1 ). No significant hits were identified in chlorophyte members or in Selaginella moellendorffii. We found that the number of SMXL genes varied considerably (Supplementary Table S2 ), from one in the liverwort Merchantia polymorpha to 11 in Zea mays (monocot), with the highest number (14) found in Brassica rapa (eudicot). A common nomenclature was adopted while annotating of SMXLs in all the plant members, as follows. Arabidopsis and rice SMXL genes were designated as previously annotated in the published literature and used as a reference for annotation of homologs in other species. The orthologs of the SMXL genes from other species were named with three letter acronyms of the taxa followed by annotation (Supplementary Table S1 )
Phylogenetic classification and evolution of plant SMXL homologs
The evolutionary history of the SMXL gene family was inferred using maximum-likelihood (ML) and Bayesian inference (BI). The results from both methods pointed to strong support for independent expansion of SMXLs in angiosperms (Fig 2, Supplementary Figs S2, 3) . The robustness of defined clades was strongly supported by multiple statistical support measures. Only full-length homologs (505) were used for phylogenetic analyses to avoid alignment bias. We obtained similar topologies for both the ML and BI methods (see Supplementary Fig. S3 ) with high support values. The phylogenetic tree from neighbour-joining (NJ) analysis had many unresolved polytomies of SMAX1 in angiosperm species. The topology of the ML tree was not affected by including the partial sequences from lycophytes when constructing the phylogenetic trees (Supplementary Fig. S4 ). According to the ML phylogenetic tree, the SMAX1 homologs from liverworts and mosses could be grouped together as an ancient SMAX1 clade, and angiosperm SMXLs homologs were distributed into four clades/classes (Fig. 2) . Increased availability of more sequenced genomes from non-angiosperm species will help to mine more SMXL members in the future. Gymnosperm SMAX1 family members were grouped together with the angiosperm SMAX1 clade I, where monilophyte clades may have emerged before angiosperm clades I and II. The lycophyte SMAX1 clade emerged before further division into sub-clades, which is consistent with the upstream receptor D14/KAI2 (Bythell-Douglas et al., 2017) . To gain further insight into the evolutionary expansion of the SMXL family in the different plant genomes during course of evolution, we focussed our analysis on 58 completely sequenced genomes (see Supplementary Fig. S5 ). The reconciliation of the SMXL gene tree with the species tree indicated that the SMXL family might have evolved through 128 duplications and between 276-284 loss events. However, the whole-genome duplication and whole-genome triplication may have played an important role in the expansion of this family ( Supplementary Fig. S5 ). We also tested the robustness of our analysis with altered MSA with different guidance scores to remove the poorly aligned regions. The ancient SMAX1 underwent at least three major duplications before the divergence of basal angiosperms. The expansion of SMXLs in lower non-angiosperm species will become clearer when more genomes have been sequenced. Reconciliation of the SMXL gene tree with the species tree indicated about 18 duplication events in monocots and >30 rounds of duplication events in eudicot lineages.
The robust phylogenetic clustering pattern from all methods (Fig 2, Supplementary Figs S2, 3) suggested that the angiosperm SMXLs can be classified into four major clades comprising of homologs of SMAX1,2 as clade I, SMXL6,7,8 as clade II, SMXL3 as clade III, and SMXL4,5 as clade IV (Fig. 2) . From this analysis, we can suggest that the diversification in the SMXL family occurred either in vascular or seed plants in a similar way to that of the signalling receptor D14/KAI2 (Delaux et al., 2012; Bythell-Douglas et al., 2017; Waters et al., 2015 Waters et al., , 2017 . The phylogenetic tree revealed that clades I, II and clades III, IV diverged independently from the ancient SMAX1 clade. The nodes of divergence (Fig. 2, Supplementary Fig. S6 ) were especially apparent with respect to their taxonomic/ speciation events in clades II, III and IV. For example, Amborella trichopoda (lower angiosperms) emerged separately from the other species of monocots and eudicots to form a separate clade, and further diverging resulted in two separate sub-clades of monocots and eudicots. Homologs from Brassicales form a monophyletic sub-clade in clades/classes I-IV, and they retained the largest number of homologs (see Supplementary Table S2 ). In clade II (SMXL6,7,8), eudicots further formed sub-groups into two separate clades separating SMXL6,7 and SMXL8 ( Supplementary Fig. S6 ). Interestingly, we also observed two separate sub-clades in clade III in both monocots and eudicots ( Supplementary Fig. S6 ). Using the molecular clock test (Supplementary Fig. S8 ), we found that all four clades have evolved at different evolutionary rates (the null hypothesis of equal evolutionary rate among the clades was rejected, P=0.000E+000). This analysis revealed that after expansion into four phylogenetic clades, the different evolutionary rates may have contributed significantly to the changes in sequences so that they are functionally diverged, and hence neo-functionalized.
Overall, we may infer that SMXL first appeared in liverworts, underwent subsequent duplication in the taxonomic clade of green plants, and evolved into four distinct angiosperm phylogenetic clades/classes. 
Conserved motifs in SMXL family members
Phylogenetic analysis of the SMXL homologs yielded four different clades/classes. All SMXLs were characterized by a domain architecture of a double Clp-N motif and a P-loop containing a nucleoside triphosphate hydrolase (Jiang et al., 2013; Stanga et al., 2013; Zhou et al., 2013 Zhou et al., , 2016 . Recent advances in the field of strigolactones have highlighted the importance of the ethylene-response factor-associated amphiphilic repression (EAR) and RGKT motifs in signalling. In Fig. 3 , we show the phylogenetic tree clades together with the retention of known functionally characterized motifs. The RGKT motif is present in all angiosperm SMXLs except SMXL3,4,5. We also looked for the conservation of the RGKT and EAR motifs in other non-angiosperm species (Fig. 3C) , and found that they were highly conserved in the ancient clade (liverwort and mosses MAX1) and in other groups such as lycophtes, monilophytes, and gymnosperms. The conserved RGKT motif that was prominent in lower plant lineage was completely absent in SMXL3,4,5, where the EAR motif was highly conserved. Three extra EAR motifs in clade/class II were identified specifically in monocots (see Supplementary Fig. S9 ). We also looked for cladespecific motifs outside the double Clp-N and P-loop NTPase domain region (Supplementary Table S3 ). Motif analysis was performed using MEME (sequence motif analysis; see details in Methods section) and gave us the ability to identify the specific motifs for different classes. MEME analysis of the Arabidopsis SMXL homologs revealed an extra motif in SMXL6,7,8, but not in other homologs ( Supplementary  Fig. S10 ). This motif (M2) was found to be highly conserved in class/clade II of flowering plants (Fig. 4) . Further investigation of class-specific motifs using MEME and WebLogo3 on the alignment showed important conserved regions shared by members of different clades, and we identified the following motifs: M1 (clade I), M3 (clade III), and M4 and M5 (clade IV) (Fig. 4) . M1 and M2, specific for clades I and II, respectively, were completely absent in ancient SMAX1, but M1 was found to be conserved in other tracheophytes ( Supplementary  Fig. S11 ). The presence of the M1 motif was not so clear in lycophytes due to lack of availability of complete sequences. M4, which was specific for clade IV, was present in mosses, lycophytes, and gymnosperms only; it was completely absent in monilophytes ( Supplementary Fig. S12 ). None of these motifs were found to be annotated in the Pfam database (https://pfam.xfam.org/). These highly conserved motifs, specific for different clades, further supported the classification of SMXLs that we have presented here. Interestingly, we also found extra EAR motifs in other clade/classes. EARlike motifs (LXLXLX) were absent in clades I and II (except for monocots), but were present in clades III, IV, and in other clades of gymnosperms, monilophytes and mosses ( Supplementary Fig. S12 ). They could potentially be important for protein binding, similar to that of monocot D53 (EAR motifs) (Ma et al., 2017) . Intriguingly, these conserved regions were either part of or near to the cavities predicted by CASTp (Supplementary Fig. S13 ). Overall, the conservation of these additional motifs in their respective clades may imply importance for their functional specificity.
Early ancestors of SMXLs
Phylogenetic and sequence motif analyses gave deep insights into the possible evolution and functional diversification of SMXL homologs from ancient SMAX1. However, they indicated that SMXL homologs were completely absent in the lower plant groups. Hence the exact origin may not be predicted confidently. Previous studies have found that SMXLs have weak homology with ClpB chaperonins (Jiang et al., 2013; Stanga et al., 2013) . The structure of representative AtSMXLs of each class was modelled using I-TASSER (see Supplementary Table S4 ). Sequence and structural homology searches were performed in the NCBI and RCSB PDB (http://www.rcsb.org/) databases, respectively. The closest hits included the ClpB proteins (Zhou et al., 2013 (Zhou et al., , 2016 from Arabidopsis, bacteria, and yeast. These proteins are characterized by a double Clp-N motif and a P-loop, which are present in the nucleoside triphosphate hydrolase superfamily and in the molecular machinery involved in protein quality control. They share a similar domain architecture with SMXLs (although the domain size is variable) (Fig. 5A , Supplementary Table S7 ). However, the significance of evolutionary conservation of those domains (i.e. double Clp-N and P-loop NTPase) for the strigolactone signalling function of SMXLs has yet to be clarified. Their sequence identity was low (20-30%) but they showed high structural homology between them (Fig. 5B, C, Supplementary Tables S5, 6 ). The phylogenetic (NJ) tree based on the sequence distance matrix (Fig. 5B) indicated that AtClpB was the closest to all SMXLs compared to the other heat-shock chaperonins. Structural comparisons were also made between all the proteins using TM-Align, and root-mean-square deviations from atomic positions (RMSD, Å) were visualized in the form of a heat map (Fig. 5C ). Representatives from all classes were closer to ClpB of Thermus thermophilus (THET8) than compared to each other, except for class III (SMXL3). Classes I, II, and IV shared the same fold in the protein structure, with template modelling (TM) scores 0.97, 0.95, 0.97, respectively (Supplementary Table S6 ), normalized against the length of ClpB of THET8 (see Fig. 5D for a superimposition of SMXL7 and ClpB of THET8). Unlike the other classes, class III shared the same fold with AtClpB, with a TM-score of 0.79 normalized against AtClpB (Supplementary Table S6 ). The class III (AtSMXL3) structure was different to other SMXLs (Supplementary Table S5 ), which suggests that it may be functionally different from the other classes. These sequence and structural similarity comparisons indicated a divergent evolution of SMXLs.
Discussion
Diversification and origin of strigolactone signalling SMXL repressors play important roles in various aspects of plant physiology. Evidence suggests distinct physiological roles for different SMXL orthologs (Stanga et al., 2013 (Stanga et al., , 2016 Soundappan et al., 2015; Wang et al., 2015; Bennett et al., 2016; Wallner et al., 2017; Wu et al., 2017) ; however, the basis of their functional diversification has been largely unknown. Here, we performed a genome-wide comparative analysis among different lineages and found that evolution of specific SL signalling targets occurred in angiosperm SMXLs. The angiosperm SMXL gene family can be divided into four distinct phylogenetic clades/classes. Furthermore, we found an ancient SMAX1 clade of liverwort and mosses, together with sub-clades of gymnosperms, monilophytes, and lycophytes (Fig. 2, Supplementary Figs S3, 4) . However, we found that the root of SMXL evolution lies in the prokaryotic lineages. Using comparative sequence and structure analyses of ClpB of Arabidopsis, bacteria (Escherichia coli and T. thermophilus), and yeast (Saccharomyces cerevisiae), we found weak sequence homology of SMXLs with the ClpB chaperonins, but all the representative AtSMXL (1,3,4,7) members had a close structural similarity with the bacterial ClpB (Fig. 5C , D) except for AtSMXL3, which was closer to AtClpB. Thus, AtSMXL3 may be a somewhat divergent relative of SMXL members, and the possibility of SMXLs retaining the functions of ClpB remains to be determined. Earlier studies on the upstream receptor of SMXLs, D14/KAI2, demonstrated neo-functionalization and structural features required for SL perception (Bythell-Douglas et al., 2017) . We identified an early SMXL in non-vascular plants, liverworts, and mosses (Fig. 2, Supplementary Figs S3, 4) . It had high identity with Arabidopsis SMAX1 (60-65%), and we named it as the ancient form of SMAX1. Since we could not identify any SMXL family members in the charophytes, the first appearance of SMXLs would be in liverworts and mosses, which is consistent with developmental responses (Proust et al., 2011; Delaux et al., 2012) .
Ancient SMXLs have undergone three major gene duplications (see Supplementary Fig. S5 ), a primary source of new genes with novel or altered functions. SLs in Physcomitrella patens regulate protonema branching and 'quorum sensing', and function as hormones (Proust et al., 2011) . There is some mixed evidence regarding SL receptors (DDK proteins) that suggests mosses use SLs as developmental regulators (Lopez-Obando et al., 2016; Bythell-Douglas et al., 2017) but not for rhizosphere communication. Our phylogenetic classification of the angiosperm SMXL gene family turned out to be in agreement with the diversity in the molecular functions among the members of the four clades as evidenced from various experimental data, except for clade/class III which is yet to be characterized completely (Soundappan et al., 2015; Bennett et al., 2016; Liang et al., 2016; Stanga et al., 2016; Wu et al., 2017) . Members of clade I (SMXL 1,2) have been shown to be involved in the karrikin pathway (Stanga et al., 2016) and members of clade II (AtSMXL 6, 7, 8 and D53 in rice) in the strigolactone pathway (Zhou et al., 2013 (Zhou et al., , 2016 Soundappan et al., 2015; Liang et al., 2016) , whilst members of clades III and IV are independent of these two pathways and are involved in phloem formation (Végh et al., 2017; Wallner et al., 2017) . SMXL 4,5 repression in dcl4 mutants resulted in over-accumulation of starch and anthocyanin together with defective phloem transport (Wu et al., 2017) . Although a proto-KAI2 protein was identified in charophyte algae, we did not identify any SMXLs, which raises the question of the existence of alternative target proteins other than SMXLs in charophyte algae. SMXLs were identified throughout the land plants and a single SMAX1-like protein was found in lower organisms (liverworts, mosses, lycophytes, and monilophytes) . This pattern of evolution is very much like that of the interacting protein partners (DDK lineage) arising from neo-functionalization of the KAI2-family of receptors. The fact that these signalling components (DDK and SMXLs) shared similar evolutionary patterns probably contributed to the evolution of regulatory networks from lower to higher plants. The expansion pattern of the SMXL gene family reflects its importance during the evolution of plants and also its complexity. The expansion of SMXLs near the origin of the angiosperms indicates the necessity of expanding the hormonal system and the importance of its diversification to cope with the development of increasingly complex architecture. The evolution of angiosperms led to organised architecture in the anatomy of plants with differentiation into the system of tissues. Gene duplication followed by accumulation of diverse residues at important positions may lead to functional diversity among the duplicates. These neo-functionalizations in SMXL members might have co-evolved with the necessity for diverse mechanistic roles in the regulation of shoot branching and root architecture.
Conservation of functional motifs
Although SMXL members share the same domain architecture, they are involved in different signalling processes. The subtle mechanisms of differential recognition and their functional diversification remain areas that need to be addressed. Recent studies have highlighted the importance of the functional motifs RGKT and EAR in the peptide sequences (Soundappan et al., 2015; Liang et al., 2016; Ma et al., 2017) . Both focused and extensive analyses of the sequence motifs of individual clades/classes have suggested clues with regards to possible functional diversification. The organization of signature sequences plays a major role in recognition of the target signalling processes. Three EAR motifs were present in class/ clade II (monocots), of which two have been found to be functionally important for interaction with TOPLESS domains (TPDs) (Ma et al., 2017) , mediating TPD oligomerization and nucleosome interaction. Class II SMXL proteins have been demonstrated to be involved in SL perception via the D14-SCF MAX2 pathway (Zhou et al., 2013 (Zhou et al., , 2016 Soundappan et al., 2015; Liang et al., 2016; Waters et al., 2017) , whereas class I SMXLs are presumed to physically interact with KAI2-SCF MAX2 in the karrikin-like (KL) signalling pathway (Stanga et al., 2016) . Given the comprehensive experimental evidence for the evolution of MAX2, D14/KA2, and D53/SMXL7 (Jiang et al., 2013; Zhou et al., 2013 Zhou et al., , 2016 Liang et al., 2016) , the RGKT motif in classes I and II may be necessary for SCF MAX2 -mediated degradation. Presuming that this is true for KL signalling pathway as well, we observed that the RGKT motif was well conserved from the ancient SMAX1 that was identified in liverworts and mosses (Fig. 3) . Our analysis suggests that ancient SMAX1 from non-vascular plants was the first in the lineage and that it was a proteasome target of eu-KAI2-SCF MAX2 -mediated signalling. The motif similarity study of the ancient SMAX1 clade with different Arabidopsis SMXLs showed that, apart from the EAR motif, ancient SMAX1 not only retained the RGKT motif but also the M4, EAR-like, motif in classes III and IV (see Supplementary  Fig. S12 ). Interestingly, the extra EAR motif was absent in liverworts whereas other non-angiosperm plants carried the extra EAR-like (LxLxL) motif (Supplementary Fig. S12) . Recently, the angiosperm DDK lineage has been subdivided into D14, KAI2, and DLK23 (with sub-clades DLK2,3) (BythellDouglas et al., 2017 ). An assumption can be made that clades/ classes III and IV are probable targets of the DLK2 subclade in the DDK lineage in a MAX2-independent pathway (Végh et al., 2017) with the RGKT motif being absent. Indeed, the functional specificity of SMXLs has been observed in physiological studies of Arabidopsis and rice (Stanga et al., 2013 (Stanga et al., , 2016 Bennett and Leyser, 2014; Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016) . The perception of SLs and KARs evolved independently and diversified in the later stages of land plants (Fig. 6) . The early clade/class I-specific signature was observed in gymnosperms, which is consistent with the partial rescue of the Arabidopsis kai2 mutant by the SmKAI2A receptor from Selaginella moellendorffii (Waters et al., 2015) . Incomplete sequences from lycophytes limited the determination of the precise point of the appearance of the clade/class-specific signature motifs that were identified in flowering plants. The idea that there is functional specialization of SMXL members that derives from their phylogenetic classification and their retention of motifs in each clade/class member would provide the rationale for a future detailed expression study of each member in Arabidopsis. It is noteworthy that although multi-member SMXLs and their interacting protein partners D14/KAI2 have been identified in land plants, knowledge of their physiological roles is very limited. A comprehensive evolutionary history (Bythell-Douglas et al., 2017) and present experimental evidence regarding SMXL and DDK proteins might suggest that SL signalling was initially involved in developmental roles and that it soon developed into a rhizosphere communication role (alongside its developmental role) in the land plants (Bouwmeester et al., 2007; Yoneyama et al., 2007a; Proust et al., 2011; Rasmussen et al., 2012; Stanga et al., 2013 Stanga et al., , 2016 Zhou et al., 2013 Zhou et al., , 2016 Wang et al., 2015; Lopez-Obando et al., 2016) . In a tissue specific-expression study discussed previously (Stanga et al., 2013) , SMAX1 expression prevailed over the other SMXLs in most of the tissues (seeds, seedlings, roots, green leaves, senescent leaves, and axillary stems). SMXL3 was predominant in roots while other SMXLs had relatively low expression. SMXL7 was highly expressed in axillary branches and SMXL4,5 had low expression in all the tissues. These tissuespecificities might also correspond with the phylogenetic classification. However, biochemical studies need to be conducted for clade/class-specific signature motifs in order to confirm the specificity of their physiological functions.
With the increase in angiosperm species diversity, it is conceivable that expansion of both SMXLs and their receptor DDK lineage provided the greater complexity of hormonal signalling that was necessary to co-ordinate the more complex developmental program of flowering plants. Rapid advances in technologies should enable us to address the functional specificity and biochemical similarity of these proteins. These future studies will improve our understanding of the evolution of the strigolactone signalling pathway and its significance in plant development.
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